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Table 3. Parameters for Greeley Simulation 

Variable Value Unit 
�3 �w�„�s�r�< kg/yr 

tfinal 3 yr 
�ê�á 
F�x�ä�r �„�s�r�;  Pa 

�2�:�P
L �r�á�T�; �u�„�s�r�;  Pa 
�G�½�¿�Ç�á�Ù�å�Ô�Ö�ç�è�å�Ø �u�ä�x�„�s�r�?�5�8   m2  
�G�½�¿�Ç�á�Õ�Ô�æ�Ø�à�Ø�á�ç 10-17 m2  
�G�¾�É�Æ�á�Õ�Ô�æ�Ø�à�Ø�á�ç �v�ä�t �„�s�r�?�5�9   m2  

�G�à�è�× �s�r�?�5�; m2  
�G�æ�æ �v�„�s�r�?�5�8 m2  

�ö�Õ�Ô�æ�Ø�à�Ø�á�ç 0.05  
�ö�à�è�× 0.2  
�ö�æ�æ 0.25  

�Ú�à �á�Õ�Ô�æ�Ø�à�Ø�á�ç 10-9 Pa-1 
�Ú�à �á�à�è�× 10-8 Pa-1 
�Ú�à �á�æ�æ 10-8 Pa-1 
�Ú�Ù �v�ä�v�„�s�r�?�5�4 Pa-1 
�ä �z�ä�{ �„�s�r�?�5�4 Pa-s 
�>�ã 50 m 

Since the fractures and their contribution to permeability 
are the most uncertain part of the system, we set up the 
DFNM simulation first.  The parameters are shown in 
Table 3 and the conceptual model is shown in Figure 4.  
There are no-flux boundaries on the sides and bottom of 
the domain, and the top has a prescribed pressure 
boundary condition of 30 MPa.  For simplicity, we 
assume that the initial pressure and the normal stress on 
all fractures are 30 MPa and 60 MPa respectively, but in 
future work these values can easily be specified as 
functions of space. Injection takes place for three years 
into the center of the injection interval.  We randomly 
generate 500 fractures using the 2D Levy Lee algorithm 
(Clemo and Smith, 1997).  These fractures are extended 
for the full width of the domain in the y direction, which 
was an assumption of convenience.  More sophisticated 
three-dimensional fracture network generation algorithms 
can be used in the future.  Since these fractures represent 
the largest basement fractures, we use the following 
Bandis parameters to yield larger aperture than in 
previous sections: �# 
L �s�r�?�5�5 m/Pa, �>�à�Ü�á
L �t �„�s�r�?�8 m, 
and �>�à�Ô�ë
L �v�„�s�r�?�8 m.  The resulting fracture aperture 
at the initial pressure and in-situ stress is 0.28 mm, which 
assigns a permeability of �u�ä�x�„�s�r�?�5�8 m2 for our grid 
spacing.  The parameters for the sandstone injection 
formation and the mudstone confining layer are based 
primarily on Brown et al. (2017). 

Since we want a meaningful comparison between the 
DFNM and EPM models, we use a numerical 
permeameter test to find the effective permeability of the 
basement.  This involves assigning a pressure gradient 
across the basement in the x direction with no flux 
boundaries everywhere else and waiting until steady state 
when the inlet and outlet flow rates are equal.  From the 
flow rates and pressure gradient, the effective 

permeability in the x direction can be calculated.  This is 
repeated in the z direction, and we find that the effective 
permeability was �v�ä�t �„�s�r�?�5�9 m2 in both directions.  This 
isotropic value is used for the basement in the EPM 
simulation. 

 

Fig. 5. Greeley slice plots of pressure increase for (a) EPM, (b) 
static-aperture DFNM and (c) evolving-aperture DFNM.  The 
change in pressure of 0.07 MPa indicated by red colors shows 
the region at or above the critical pressure.  The horizontal black 
line indicates the top of the crystalline basement, and the 
vertical grey line indicates the injecting portion of the well.  The 
EPM has the most homogeneous response while the DFNMs 
have more heterogeneous responses.  For the evolving-aperture 
DFNM, the critical pressure reaches depths that are greater than 
the other two simulations (see red arrow).  The yellow arrow 
points to a dead-end fracture that is more highly pressurized 
than it was in the static-fracture DFNM, and the green arrow 
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Table 3. Parameters for Greeley Simulation 

Variable Value Unit 
�3 �w�„�s�r�< kg/yr 

tfinal 3 yr 
�ê�á 
F�x�ä�r �„�s�r�;  Pa 

�2�:�P
L �r�á�T�; �u�„�s�r�;  Pa 
�G�½�¿�Ç�á�Ù�å�Ô�Ö�ç�è�å�Ø �u�ä�x�„�s�r�?�5�8   m2  
�G�½�¿�Ç�á�Õ�Ô�æ�Ø�à�Ø�á�ç 10-17 m2  
�G�¾�É�Æ�á�Õ�Ô�æ�Ø�à�Ø�á�ç �v�ä�t �„�s�r�?�5�9   m2  

�G�à�è�× �s�r�?�5�; m2  
�G�æ�æ �v�„�s�r�?�5�8 m2  

�ö�Õ�Ô�æ�Ø�à�Ø�á�ç 0.05  
�ö�à�è�× 0.2  
�ö�æ�æ 0.25  

�Ú�à �á�Õ�Ô�æ�Ø�à�Ø�á�ç 10-9 Pa-1 
�Ú�à �á�à�è�× 10-8 Pa-1 
�Ú�à �á�æ�æ 10-8 Pa-1 
�Ú�Ù �v�ä�v�„�s�r�?�5�4 Pa-1 
�ä �z�ä�{ �„�s�r�?�5�4 Pa-s 
�>�ã 50 m 

Since the fractures and their contribution to permeability 
are the most uncertain part of the system, we set up the 
DFNM simulation first.  The parameters are shown in 
Table 3 and the conceptual model is shown in Figure 4.  
There are no-flux boundaries on the sides and bottom of 
the domain, and the top has a prescribed pressure 
boundary condition of 30 MPa.  For simplicity, we 
assume that the initial pressure and the normal stress on 
all fractures are 30 MPa and 60 MPa respectively, but in 
future work these values can easily be specified as 
functions of space. Injection takes place for three years 
into the center of the injection interval.  We randomly 
generate 500 fractures using the 2D Levy Lee algorithm 
(Clemo and Smith, 1997).  These fractures are extended 
for the full width of the domain in the y direction, which 
was an assumption of convenience.  More sophisticated 
three-dimensional fracture network generation algorithms 
can be used in the future.  Since these fractures represent 
the largest basement fractures, we use the following 
Bandis parameters to yield larger aperture than in 
previous sections: �# 
L �s�r�?�5�5 m/Pa, �>�à�Ü�á
L �t �„�s�r�?�8 m, 
and �>�à�Ô�ë
L �v�„�s�r�?�8 m.  The resulting fracture aperture 
at the initial pressure and in-situ stress is 0.28 mm, which 
assigns a permeability of �u�ä�x�„�s�r�?�5�8 m2 for our grid 
spacing.  The parameters for the sandstone injection 
formation and the mudstone confining layer are based 
primarily on Brown et al. (2017). 

Since we want a meaningful comparison between the 
DFNM and EPM models, we use a numerical 
permeameter test to find the effective permeability of the 
basement.  This involves assigning a pressure gradient 
across the basement in the x direction with no flux 
boundaries everywhere else and waiting until steady state 
when the inlet and outlet flow rates are equal.  From the 
flow rates and pressure gradient, the effective 

permeability in the x direction can be calculated.  This is 
repeated in the z direction, and we find that the effective 
permeability was �v�ä�t �„�s�r�?�5�9 m2 in both directions.  This 
isotropic value is used for the basement in the EPM 
simulation. 

 

Fig. 5. Greeley slice plots of pressure increase for (a) EPM, (b) 
static-aperture DFNM and (c) evolving-aperture DFNM.  The 
change in pressure of 0.07 MPa indicated by red colors shows 
the region at or above the critical pressure.  The horizontal black 
line indicates the top of the crystalline basement, and the 
vertical grey line indicates the injecting portion of the well.  The 
EPM has the most homogeneous response while the DFNMs 
have more heterogeneous responses.  For the evolving-aperture 
DFNM, the critical pressure reaches depths that are greater than 
the other two simulations (see red arrow).  The yellow arrow 
points to a dead-end fracture that is more highly pressurized 
than it was in the static-fracture DFNM, and the green arrow 

K'&#6G*01# >&0*+)&#6G*01# L#2#&/',&6G*01#



!"#$#%&'()&*(&++#",-(( !"#$%&'()*+*$%#,*-'.(&-(/00!1('%(23&$)(4(
+4$&)4'*)(+&5'34$(.32.35647*(*-+&5%-,*-'(6%5(5*.*5+%&5(,4-48*,*-'9

!"##$%&'&$()*+))!"#$"%&'()#%*%#+,'#-.$/$&%.%/")($/)#$0'123)%/$42%)$/)
'/(#%$*%)'/)#%(,+%#3)%55'('%/(3)5,#)6/(,/+%/"',/$2)#%*%#+,'#*7))

!"##$%&'&$(),+))8/16*"#3)'*)*2,9)",)$1,0")/%9)#%*%#+,'#-.$/$&%.%/")
*"#$"%&'%*)16%)",)6/(%#"$'/"3)'/):,9)$)*0%('5'()*'"%)'*)2';%23)",)#%*0,/17

-.#$'/0%0%+))<*'/&)0:3*'(* -4$*%1)0#%1'("',/)'/)(,.4'/$"',/)9'":)
.$(:'/%)2%$#/'/&).%":,1*)($/)0#,+'1%)$)+'#"6$2)*64*6#5$(%)
%/+'#,/.%/")",)%=02,#%)5,#)>$/1)"%*"?)#%*%#+,'#).$/$&%.%/")*"#$"%&'%*)
":$"),0"'.'@%)#%(,+%#3)%55'('%/(37)

1$23+))A%+%2,0B)1%.,/*"#$"%B)$/1)+$2'1$"%)$)+'#"6$2)*64*6#5$(%)%/+'#,/.%/")"$#&%"'/&)CDE)
#%*%#+,'#).$/$&%.%/")*"#$"%&'%*)5,#),0"'.'@'/&):31#,($#4,/)#%(,+%#3)5#,.)*:$2%7

F=$.02%)G%*%#+,'#)H$/$&%.%/")!"#$"%&'%*)",)I,/*'1%#
J K0"'.'@%1)1#$91,9/)#$"%
J L#%**6#%)(3(2'/&
J G%-*"'.62$"',/)>9$"%#2%**)+*)9$"%#-4$*%1?
J 8/)5'%21)1#'22'/&
J M(,6*"'()*"'.62$"',/
J K#'%/"$"',/),5)2$"%#$2*



!"#$%&'())*+#,"'-+'.%/%0+)'#1&'2#03&#-%'#'23*-4#0'
546$4*7#,%'81/3*+19%1-'7+*':%$%*/+3*';#1#<%9%1-

!"#$%'=>=&%1-37?'@AB'*%$%*/+3*'9#1#<%9%1-'$-*#-%<3%$'C3-"')+-%1-3#0'-+'31,*%#$%'
*%,+/%*?'6?'DEF
! "#$%&'(&)(*#$)&$+,-.#/((0(+&-123

! "$&'4.13/((5%6(7#3#$8&%$(+,-,9#+#-1(31$,1#9%#3(1&(*4$34#(%-(*2,3#(::(8%,(;&$<32&*3(12,1(
#-9,9#(=>(-#1;&$<(,-'(%-'431$?(-#1;&$<@
5%%6(A#12&'3(,-'(*$&1&.&B3(12,1(;%BB(C#(43#'(1&(B%-<(*2?3%.3DC,3#'(3%+4B,1%&-3(,-'(+,.2%-#(
B#,$-%-9

!"#$%'==>.%/%0+)'/3*-4#0'$46$4*7#,%'%1/3*+19%1-'7+*'%F)0+*31<'*%$%*/+3*'
9#1#<%9%1-'$-*#-%<3%$
! "#$%&'(&)(*#$)&$+,-.#/((EF(+&-123

! "$&'4.13/((5%6(G3#$(%-1#$),.#(12,1(*$&8%'#3(,-(#-8%$&-+#-1()&$(*$#'%.1%-9($#3#$8&%$(C#2,8%&$(
,3(,()4-.1%&-(&)($&.<H$#3#$8&%$(*$&*#$1%#3(,-'(&*#$,1%&-,B(),.1&$3@((5%%6("$&1&.&B3()&$(
&*1%+%I%-9($#3#$8&%$(+,-,9#+#-1()&$(3*#.%)%.(3%1#3(,-'(&*#$,1%&-,B(.&-'%1%&-3@(5%%%6("$#'%.1#'(
%+*$&8#+#-13(%-($#.&8#$?(C,3#'(&-(&*1%+%I#'(83J(.&-8#-1%&-,B($#3#$8&%$(+,-,9#+#-1@(5%86(
K%#B'(1#31('#3%9-()&$(*2,3#(:::J

!"#$%'===>2#03&#-%'G/3*-4#0H$46$4*7#,%I')*%&3,-3+1$'4$31<'-#*<%-%&'73%0&'-%$-$'#1&'
&#-#'93131<
! "#$%&'(&)(*#$)&$+,-.#/((LM(+&-123

! "$&'4.13/((5%6(K%#B'(',1,(5#J9JN(*$&'4.1%&-(',1,6(1&(8,B%',1#(8%$14,B(34C34$),.#(#-8%$&-+#-1@(
5%%6(8,B%',1#'(8%$1J


